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ABSTRACT
We characterize the kinematic and chemical properties of ∼3,000 Sagittarius (Sgr) stream stars,
including K-giants, M-giants, and BHBs, select from SEGUE-2, LAMOST, and SDSS separately in
Integrals-of-Motion space. The orbit of Sgr stream is quite clear from the velocity vector in X-Z
plane. Stars traced by K-giants and M-giants present the apogalacticon of trailing steam is ∼ 100
kpc. The metallicity distributions of Sgr K-, M-giants, and BHBs present that the M-giants are on
average the most metal-rich population, followed by K-giants and BHBs. All of the K-, M-giants,
and BHBs indicate that the trailing arm is on average more metal-rich than leading arm, and the
K-giants show that the Sgr debris is the most metal-poor part. The α-abundance of Sgr stars exhibits
a similar trend with the Galactic halo stars at lower metallicity ([Fe/H] <∼ −1.0 dex), and then evolve
down to lower [α/Fe] than disk stars at higher metallicity, which is close to the evolution pattern of
α-element of Milky Way dwarf galaxies. We find VY and metallicity of K-giants have gradients along
the direction of line-of-sight from the Galactic center in X-Z plane, and the K-giants show that VY
increases with metallicity at [Fe/H] >∼ −1.5 dex. After dividing the Sgr stream into bright and faint
stream according to their locations in equatorial coordinate, the K-giants and BHBs show that the
bright and faint stream present different VY and metallicities, the bright stream is on average higher
in VY and metallicity than the faint stream.
Keywords: Galaxy: evolution — Galaxy: formation — Galaxy: halo — Galaxy: kinematics and
dynamics
1. INTRODUCTION
The disrupting Sagittarius (Sgr) dwarf spheroidal
galaxy (dSph) was discovered in the work on the Galac-
tic bulge of Ibata et al. (1994), which has a heliocentric-
distance of ∼25 kpc and is centered at coordinate of
Corresponding author: Xiang-Xiang Xue; Chengqun Yang
xuexx@nao.cas.cn; ycq@bao.ac.cn
l = 5.6◦ and b = −14.0◦ (Ibata et al. 1997). For a dwarf
galaxy, such a close distance to the Galactic center
means it is suffering a huge tidal force from the Milky
Way. Subsequently, the Sgr stream was found (Yanny
et al. 2000; Ibata et al. 2001) and has been traced over
360◦ on the Sky (Majewski et al. 2003; Belokurov et al.
2006), which indicates it is a strong tool for exploring
the Milky Way (Ibata et al. 1997; Majewski et al. 1999).
Thanks to the early detections of Sgr tidal stream from
Two Micron All Sky Survey (2MASS; Skrutskie et al.
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22006) and Sloan Digital Sky Survey (SDSS; York et al.
2000), the morphology of the Sgr stream is known in
detail (Newberg et al. 2002, 2003; Majewski et al. 2003,
2004). Earlier model and observations predicted the
Galactocentric distance of the Sgr stream about ∼20-
60 kpc (Law & Majewski 2010; Majewski et al. 2003).
Recently, Belokurov et al. (2014), Koposov et al. (2015)
and Hernitschek et al. (2017) found the Sgr trailing
stream reaches ∼ 100 kpc from the Sun. Sesar et al.
(2017) and Li et al. (2019) used RR Lyrae stars and
M-giants found the trailing stream even extends to a
heliocentric distance of ∼ 130 kpc at Λ˜ ∼ 170◦1. Ad-
ditionally, Belokurov et al. (2006) and Koposov et al.
(2012) found that the Sgr stream has a faint bifurca-
tion called faint stream, which is a always on the same
side of the bright stream at a nearly constant angular
separation and without cross (Newberg & Carlin 2016).
It has been recognized that the Sgr dSph has a com-
plex star formation history. Ibata et al. (1995) showed
that Sgr contains a strong intermediate-age population
with age ∼ 4 - 8 Gyr and metallicity ∼ −0.2 to −0.6 dex
and its own globular cluster system. Siegel et al. (2007)
demonstrated that Sgr has at least 4 - 5 star formation
bursts, including an old population: 13 Gyr and [Fe/H]
= −1.8 dex from main sequence (MS) and red-giant
branch (RGB) stars; at least two intermediate-aged pop-
ulaitons: 4 - 6 Gyr with [Fe/H]= −0.4 to −0.6 dex from
RGB stars; a 2.3 Gyr population near solar abundance:
[Fe/H] = −0.1 dex from main sequence turn-off (MSTO)
stars. Carlin et al. (2018) picked up 42 Sgr stream stars
from LAMOST M-giants and processed high-resolution
observations, they found stars in trailing and leading
streams show systematic differences in [Fe/H], and the
α-abundance patterns of Sgr stream is similar to those
observed in Sgr core and other dwarf galaxies like the
large Magellanic Cloud and the Fornax dwarf spheroidal
galaxy.
With the second data release of Gaia mission (Gaia
Collaboration et al. 2018), it is becoming possible to
search the Galactic halo substructures in 6D phase
space. Xue, X.-X et al. (2019, in preparation, X19
thereafter) took advantage of 6D information to obtain
about 3,000 Sgr stream members with high reliability
in Integrals-of-Motion (IoM) space, which is the largest
spectroscopic Sgr stream sample obtained yet. Based on
this sample, we will characterize the properties of the
1 (Λ˜, B˜) used in this paper is a heliocentric coordinate sys-
tem defined by Belokurov et al. (2014). The longitude Λ˜ begins
at the Sgr core and increases in the direction of the Sgr motion.
The equator (latitude B˜ = 0◦) is aligned with the Sgr trailing
stream.
Sgr stream in more detail. This paper is structured as
follow: in Section 2, we describe our Sgr sample and the
method of X19 used for selecting the Sgr members. In
Section 3, we present the kinematic and chemical prop-
erties of the Sgr sample. Finally, a brief summary is
shown in Section 4.
2. DATA AND METHOD
2.1. Data
The Sgr stream sample consists of K-, M-giants, and
blue horizontal branch stars (BHBs). The K-giants are
from Sloan Extension for Galactic Understanding and
Exploration 2 (SEGUE-2; Yanny et al. 2009) and the
fifth data release of Large Sky Area Multi-Object Fibre
Spectroscopic Telescope (LAMOST DR5; Zhao et al.
2012; Cui et al. 2012; Luo et al. 2012), and their dis-
tances were estimated by Bayesian method Xue et al.
(2014). The M-giants are picked up from LAMOST DR5
through a 2MASS+WISE photometric selection crite-
ria. The distances were calculated through the (J−K)0
color-distance relation Li et al. (2016, 2019); Zhong et al.
(2019). The BHBs are chosen from SDSS by color and
Balmer line cuts, and their distances were easy to esti-
mate because of the nearly constant absolute magnitude
of BHB stars (Xue et al. 2011).
We calibrated the distances of K-, M-giants, and
BHBs with Gaia DR2 parallax rather than Gaia dis-
tances estimated by Bailer-Jones et al. (2018). Because
Bailer-Jones et al. (2018) claimed that their mean dis-
tances to distant giants are underestimated, because the
stars have very large fractional parallax uncertainties, so
their estimates are prior-dominated, and the prior was
dominated by the nearer dwarfs in the model. Only stars
with good parallaxes (δ$/$ < 20%) and good distances
(δd/d < 20%) are used to do the calibration, which al-
lows us to compare parallax with 1/d, and minimize
the possible bias from inverting. It is very hard to use
Sgr stream members, because they are too faint to have
good parallax. Finally, we used halo stars from where
we identified streams. We found we underestimated dis-
tances of K-giants by 15%, and overestimated distances
of M-giants by 30%, but no bias in BHBs, shown as left
panels of Figure 1. However, the systematic biases do
not apply to Sgr stream members, because the difference
between parallax and 1/d decreased with G for both K-
giants and M-giants, and most Sgr stream members are
fainter than G ∼ 15m (shown as right panels of Figure
1).
Besides the distance d, our sample also includes equa-
torial coordinate information (α, δ), heliocentric radial
velocities hrv, and proper motions (µα, µδ). The hrv of
the LAMOST K-giants are obtained by the ULySS (Wu
3et al. 2011), hrv of LAMOST M-giants are calculated
by Zhong et al. (2019), and hrv of SEGUE K-giants
and SDSS BHBs are from SEGUE Stellar Parameter
Pipeline (SPSS; Lee et al. 2008a,b). The proper motions
(µα, µδ) are from Gaia DR2 by cross-matching with a
radius of 1′′.
The chemical abundances (the overall metallicity
[M/H] and the abundance of α-element [α/M]) of LAM-
OST K-, M-giants are from Zhang et al. (2019), which
introduced a machine learning program called Stel-
lar LAbel Machine (SLAM) to transfer the APOGEE
DR15 (Majewski et al. 2017) stellar labels to LAMOST
DR5 stars. The metallicity [Fe/H] of SDSS BHBs and
SEGUE K-giants are estimated by SPSS. Since in the
APOGEE data, [M/H] and [Fe/H] are calibrated us-
ing same method (Holtzman et al. 2015; Feuillet et al.
2016), we use [Fe/H] to represent the metallicity of all
stars and do not to distinguish the [M/H] of LAMOST
stars and [Fe/H] of SDSS/SEGUE stars hereafter.
For the measurement errors of our sample, LAMOST
K-giants have a median distance precision of 13%, a me-
dian radial velocity error of 7 km s−1, a median error
of 0.14 dex in metallicity, and a median [α/Fe] error
of 0.05 dex. SEGUE K-giants have a median distance
precision of 16% (Xue et al. 2014), a median radial ve-
locity error of 2 km s−1, a typical error of 0.12 dex in
metallicity. SDSS BHBs do not have error of individual
star, but their distances are expected to be better than
10% due to their nearly constant absolute magnitude
(Xue et al. 2008). The median radial velocity error of
BHBs is 6 km s−1, and the typical metallicity error is
0.22 dex. There is no distance error of individual LAM-
OST M-giant either. Li et al. (2016) declared a typical
distance precision of 20%. LAMOST M-giants have a
typical radial velocity error of about 5 km s−1 (Zhong
et al. 2015), a median error of 0.17 dex in metallicity,
and a median [α/M] error of 0.06 dex. The proper mo-
tions of K-giants, M-giants, and BHBs are derived from
Gaia DR2, which is good to 0.2 mas yr−1 at G = 17m.
Additionally, there are about 400 common K-giants
between LAMOST and SEGUE samples, of which about
100 K-giants belong to Sgr streams. We used these com-
mon K-giants to find that LAMOST K-giants have a
−8.1 km s−1 offset in radial velocity from SEGUE K-
giants, and the two surveys have consistent metallici-
ties and distance. In this paper, we have added 8.1 km
s−1 to LAMOST K-giants to avoid systematic bias from
SEGUE K-giants. In analysis of Sgr streams, the dupli-
cate K-giants are removed. See Table 1 for an example
of the measurements and corresponding uncertainties.
2.2. Integrals of Motion and Friends-of-Friends
Algorithm
To search stars with similar orbits through friends-
of-friends (FoF), X19 defined five IoM parameters: ec-
centricity e, semimajor axis a, direction of the orbital
pole (lorb, borb), and the angle between apocenter and
the projection of X-axis on the orbital plane lapo. Then
they calculated the “distance” between any two stars
in the normalized space of (e, a, lorb, borb, lapo) and used
FoF to find out the group stars that have similar orbits
according to the size of the “distance”. The five IoM
parameters (e, a, lorb, borb, lapo) are gotten by 6D infor-
mation (α, δ, d, hrv, µα, µδ) under the assumption that
the Galactic potential is composed of a spherical Hern-
quist (1990) bulge, an exponential disk, and a NFW halo
(Navarro et al. 1996). See Table 2 for an example of the
orbital parameters and corresponding uncertainties.
By comparing the FoF groups with observations and
simulations of Sgr (Law & Majewski 2010; Koposov
et al. 2012; Belokurov et al. 2014; Dierickx & Loeb 2017;
Hernitschek et al. 2017), X19 identified 3028 Sgr stream
members, including 2626 K-giants (including 102 sus-
pected duplicate stars), 158 M-giants, and 224 BHBs,
which is the largest spectroscopic sample obtained in
the Sgr stream yet. In the next section, we will exhibit
the Sgr members in detail, including spatial, kinematic,
and abundance features.
3. THE PROPERTIES OF SAGITTARIUS STREAM
The Cartesian reference frame used in this work is
centered at the Galactic center, the X-axis is posi-
tive toward the Galactic center, the Y -axis is along
the rotation of the disk, and the Z-axis points to-
ward the North Galactic Pole. We adopt the Sun’s
position is at (−8.3, 0, 0) kpc (de Grijs & Bono 2016),
the local standard of rest (LSR) velocity is 225 km
s−1 (de Grijs & Bono 2017), and the solar motion is
(+11.1,+12.24,+7.25) km s−1 (Scho¨nrich et al. 2010).
Figure 2 presents the proper motions (µα, µδ) of Sgr
stream stars. The colors represent the longitude in Sgr
coordinate system, Λ˜, and help to identify the stars
belonging to different Sgr streams. In this figure, we
can easily see the variation of proper motion along the
leading and trailing stream.
Figure 3 shows the Sgr streams traced by K-giants,
M-giants and BHBs are consistent with previous obser-
vations both in line-of-sight velocities Belokurov et al.
(2014) and distances (Koposov et al. 2012; Belokurov
et al. 2014; Hernitschek et al. 2017). The comparison
with simulations is presented in Figure 4. In the range
of 100◦ < Λ˜ < 200◦ and d > 60 kpc, both veloci-
ties and distances do not match with Law & Majewski
4(2010) (LM10) model shown as left panel of Figure 4.
The right panel of Figure 3 shows Sgr streams traced by
K-giants, M-giants and BHBs are roughly in good agree-
ment with Dierickx & Loeb (2017) (DL17) both in veloc-
ities and distances. In the range of ∼ 100◦ < Λ˜ < 150◦
and Vlos 130 km s
−1, the observation shows slightly slow
than DL17 simulation. Furthermore, we have fewer stars
beyond 100 kpc than the prediction of DL17, which
we attribute to the limiting magnitude of LAMOST (r
∼ 17.8m). On the Sgr orbital plane, Λ˜ < 50◦ and
Λ˜ > 300◦ is out of the Sky coverage of LAMOST and
SDSS/SEGUE, where is around the Sgr dSph.
3.1. Kinematics of Sagittarius Stream
Figure 5 illustrates the spatial distribution of Sgr in
X-Z plane, which is close to the Sgr’s orbital plane.
In the top panel, we show our Sgr sample with DL17
model as background. We tag the position of each Sgr
component (Sgr dSph, Sgr leading, Sgr trailing, and Sgr
debris), and Sgr dSph’s moving direction. The panel
exhibits the position of each Sgr component in spatial
distribution, and our sample comports with DL17 model
perfectly. In the bottom panel, the arrows indicate the
direction and amplitude of velocities in X-Z plane and
every star is color-coded according to its velocity com-
ponent in and out of X-Z plane (VY ). This panel well
illustrates the kinematic feature of stream, i.e., stream
stars move together in phase space. Besides, the arrows
and low latitude M-giants (red circles in the top panel)
implies that the Sgr debris actually is the continuation
of the Sgr trailing stream and where the trailing stream
stars return from their apocenter. Thus, the apogalac-
ticon of Sgr trailing stream could reach ∼ 100 kpc from
the Sun (see Λ˜ ∼ 170◦ in Figure 3). This apogalacticon
is consistent with the work of Belokurov et al. (2014),
Koposov et al. (2015), Sesar et al. (2017), Hernitschek
et al. (2017), and Li et al. (2019). In addition, the panel
also presents a obvious gradient in VY along the line-of-
sight direction from the Galactic center in both leading
and trailing stream.
In Figure 6, we examine the angular momentum (L)
and energy (E) of Sgr member stars. The left panel
shows the Sgr K-, M-giants and BHBs in E-L space, and
there is no tangible difference among them. The right
panel illustrates the stars from different Sgr streams.
The panel shows the energy of each stream are quite
different, Sgr debris and trailing stream are significantly
higher than leading stream.
3.2. Metallicities of Sagittarius Stream
Figure 7 presents the metallicity distribution of our
Sgr sample. In the top left panel, we exhibit the sample’s
metallicity distribution from K-, M-giants, and BHBs.
The panel shows that M-giants is the most metal-rich
population with mean metallicity < [Fe/H] > = −0.69
dex and scatter σ[Fe/H] = 0.36 dex, BHBs is the most
metal-poor population with < [Fe/H] > = −1.98 dex
and σ[Fe/H] = 0.47 dex, and for the K-giants, these val-
ues are [Fe/H] = −1.31 dex and σ[Fe/H] = 0.58 dex. The
mean metallicity of Sgr M-giants is close to the result of
high-resolution spectra from Carlin et al. (2018), which
used 42 Sgr stream common stars of LAMOST DR3 M-
giants (−0.68 dex for trailing stream and −0.89 dex for
leading stream). This implies that the metallicity of our
LAMOST sample is reliable. In the other panels, we
pick up K-, M-giants, and BHBs to exhibit the metallic-
ity of Sgr leading, trailing, and debris separately. The
top right panel (K-giants) shows that the Sgr leading
stream has < [Fe/H] > = −1.35 dex with σ[Fe/H] = 0.54
dex, the Sgr trailing stream has < [Fe/H] > = −1.21 dex
and σ[Fe/H] = 0.58 dex, and for Sgr debris, < [Fe/H] >
= −1.89 dex and σ[Fe/H] = 0.54 dex. Thus, Sgr trailing
stream is on average the most metal-rich Sgr stream, fol-
lowed by Sgr leading and debris. In bottom panels, the
M-giants and BHBs present a similar feature, i.e., the
trailing stream is more metal-rich than leading stream.
This difference among Sgr different streams had been
mentioned in Carlin et al. (2018), and they suggested
that this difference might cause by the stars’ different
unbound time from Sgr core.
In Figure 8, we present the metallicity distribution
of Sgr stars in X-Z plane. Similar with Figure 5, the
K-giants in the top left panel shows that the metal-
licity also has a gradient along the line-of-sight direc-
tion, which indicates that the inner side stars (close to
the Galactic center) are not only different with outer
side stars (away from the Galactic center) in kinemat-
ics (VY ), but also in metallicity. In the top right panel,
we plot the K-giants in the [Fe/H] versus VY space. The
panel shows that VY increases with metallicity at [Fe/H]
>∼ −1.5 dex, which implies that there are some correla-
tions between VY and metallicity in Sgr stream. In the
distribution of M-giants and BHBs, we do not see clear
feature as K-giants have.
3.3. Alpha-Abundances of Sagittarius Stream
It is well established that dwarf galaxies have differ-
ent chemical-evolution paths with the Milky Way (Tol-
stoy et al. 2009; Kirby et al. 2011). In Figure 9, we
present the abundance of α-element from LAMOST Sgr
stars obtained by SLAM (Zhang et al. 2019). In top
panel, we compare the Sgr sample with the Milky Way
stars, including the Galactic disk and halo. For disk,
we choose stars with |Z| < 3 kpc (blue density map),
5and for halo, we plot the stars with |Z| > 5 kpc and not
belonging to any substructures (blue dots; X19). The
top panel shows that the trend of [α/Fe] is similar with
halo stars at lower metallicity, but the ratio then evolve
down to lower values than disk stars at higher metal-
licity. In addition, there might be a hint of a knee at
[Fe/H] ∼ −2.3 dex, but it is not very clear in our data. If
the knee is very metal-poor (or non-existent), then Sgr
must have had a very low star-formation efficiency at
early times (similar to, e.g., the Large Magellanic Cloud;
Nidever et al. 2019). In the bottom panel, we compare
the α-abundance ([Mg/Fe]) with previous work of Sgr,
including M54 (Carretta et al. 2010), Sgr core (Monaco
et al. 2005; Sbordone et al. 2007; Carretta et al. 2010;
McWilliam et al. 2013), and Sgr stream (Hasselquist
et al. 2019). In the panel, our Sgr stream sample mainly
follows the stars in M54 and Sgr core, but are slightly
higher in α-abundance than the Sgr stream stars from
Hasselquist et al. (2019) in the same range of metallicity
(−1.2 < [Fe/H] < −0.2 dex). We also include [Mg/Fe]
versus [Fe/H] of some other dwarf galaxies, like Draco
(Shetrone et al. 2001; Cohen & Huang 2009), Sculptor
(Shetrone et al. 2003; Geisler et al. 2005), Carina (Koch
et al. 2008; Lemasle et al. 2012; Shetrone et al. 2003;
Venn et al. 2012), Fornax (Letarte et al. 2010; Lemasle
et al. 2014), and the panel shows a similar evolution
pattern of α-element between our Sgr stream and dwarf
galaxies.
3.4. Bifurcations in Sagittarius Stream
In Figure 10, we exhibit the Sgr bifurcation in density
map using our sample. To identify the faint and bright
stream of the bifurcation, we add the coordinates of faint
and bright stream defined by Belokurov et al. (2006) and
Koposov et al. (2012) (see squares in Figure 10). In ad-
dition, we extend the coordinates of Sgr bifurcation in
trailing stream based on our sample (see Table 3 and
the triangles in Figure 10). The dash-dotted line be-
tween faint and bright stream is used to distinguish the
faint and bright stream stars, above the dash-dotted line
are belonging to faint stream, and below are belonging
to bright stream. In previous studies, the Sgr bifurca-
tion was identified through density map from photom-
etry data (Koposov et al. 2012; Belokurov et al. 2014),
and it is called bright stream because it is denser than
faint stream in density map. Due to few spectroscopic
data of Sgr streams, it is hard to statistically analyze
the kinematics and chemistry of the bifurcation. LAM-
OST and SEGUE sample provided many spectra of Sgr
stream stars in either bright or faint stream, which allow
us to analyze the properties of the bifurcation in detail.
In Section 3.2, we find the inner and outer side of Sgr
stream are different in VY and metallicity. Therefore, in
Figure 11 and 12, we present the density map of bifur-
cation with color-coded according to VY and metallicity
respectively. From the top panel of the Figure 11 and
12, the K-giants show that faint and bright stream are
also different in VY and metallicity, bright stream is ob-
viously higher in VY and metallicity than faint stream,
and in bottom panels of Figure 11 and 12, BHBs also
show a similar result. The M-giants members almost
only cover on bright stream, which is consistent with
the result found in Li et al. (2016). To examine the dif-
ference of VY and metallicity between faint and bright
stream appeared in K-giants and BHBs sample, in Fig-
ure 13 and 14, we divide the bifurcation into leading
bright, faint stream and trailing bright, faint stream ac-
cording to the dash-dotted line in Figure 10. The result
is both K-giants and BHBs present a same result, lead-
ing and trailing bright stream are on average higher in
VY and metallicity than those of leading and trailing
faint stream. But the difference in metallicty is not as
obvious as the velocity, especially trailing stream. In
Figure 15, we plot the divided bifurcation into X-Z and
Y -Z plane. The figure shows that the faint and bright
stream are two parallel stream along their moving direc-
tion. Thus, it is uncertainty that the VY and metallicity
difference between Sgr inner and outer side is related to
Sgr bifurcation.
4. SUMMARY
By combining IoM and FoF algorithm, X19 picked up
about 3,000 Sgr stream members from LAMOST, SDSS,
and SEGUE-2, including K-giants, M-giants, and BHBs,
which is the largest spectroscopic Sgr stream sample ob-
tained yet. Based on this sample, we present the features
of Sgr stream that we find.
We compare our Sgr sample with numerical simula-
tions, LM10 and DL17, and observation data from Ko-
posov et al. (2012), Belokurov et al. (2014) and Her-
nitschek et al. (2017). We find our sample is broadly
consistent with DL17 model and observation data from
Koposov et al. (2012), Belokurov et al. (2014) and Her-
nitschek et al. (2017).
The velocity vector directions of Sgr debris and
the low latitude M-giants in X-Z plane indicate that
the debris actually is the continuation of Sgr trailing
stream and where the trailing stream stars return from
the apocenter. Therefore, our sample shows that the
apogalacticon of the Sgr trailing stream may reach ∼100
kpc from the Sun, which is in agreement with previous
observations like Belokurov et al. (2014), Koposov et al.
(2015), Hernitschek et al. (2017), and Li et al. (2019).
6In addition, the energy versus angular momentum dis-
tribution of Sgr K-, M-giants, and BHBs shows no clear
difference, but for Sgr streams, the debris and trail-
ing stream are obviously higher in energy than leading
stream.
We also present the metallicity distribution of Sgr K-,
M-giants, and BHBs. M-giants is the most metal-rich
population, followed by K-giants and BHBs. Addition-
ally, the metallicities of Sgr leading, trailing, and debris
are also different. All K-, M-giants and BHBs indicate
that Sgr trailing stream is on average more metal-rich
than leading stream, and K-giants show that Sgr debris
is the most metal-poor population, which reflects their
different unbound time from Sgr core. By comparing
the α-abundance of Sgr stars with the Galactic compo-
nents and dwarf galaxies of the Milky Way, the trend
of [α/Fe] of Sgr stream is close to the Galactic halo at
lower metallicity, then evolve down to lower [α/Fe] than
disk stars, and this evolution pattern is quite similar
with Milky Way dwarf galaxies.
The VY and metallicity distribution of Sgr stream in
X-Z plane shows that Sgr stream have a gradient along
the line-of-sight direction from the Galactic center, the
inner side of Sgr stream is higher in both VY and metal-
licity, and VY versus [Fe/H] shows that the VY increases
with metallicity, which means there indeed exists a cor-
relation between VY and metallicity. In addition, the
Sgr bright and faint streams also exhibit different VY
and metallicity, with the bright stream higher in VY and
metallicity than the faint stream. But it is still hard to
draw any conclusions that the VY and metallicity differ-
ence between Sgr inner and outer side is related to Sgr
bifurcation.
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Figure 1. Top two panels: the inverse of distances 1/d and Gaia G magnitude distributions of Sgr stars. Histograms with
different colors represent different kinds of stars. Left lower three panels: density map comparisons of Gaia DR2 parallax ($)
with the inverse of distances (1/d) of K-giants, M-giants, and BHBs. The black dashed lines mark the 1:1 relation between the
scales, and the red lines represent the systematic bias between them, which are fitted by least squares method. Right lower
three panels: density map comparisons of parallax biases (1/d−$) with G magnitude of K-, M-giants, and BHBs.
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Figure 2. Distribution of Sgr stream in proper motions (µα, µδ) space and color-coded by Λ˜. The colors can help to identify
the Sgr leading (blue cluster) and trailing stream (red cluster). A mean error bar is shown in the lower right corner.
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Figure 3. Comparisons with observed Sgr data in coordinates of (Λ˜, d) and (Λ˜, Vlos). Yellow, red, and blue circles represent
K-, M-giants, and BHBs separately. In the top panel, the black dots with error bars from tables 3-5 of Belokurov et al. (2014),
which estimated by their Sgr giant stars. In the bottom panel, magenta and green dots represent BHBs and RCs from tables 1-2
of Belokurov et al. (2014) and table 2 of Koposov et al. (2012), the black dots are from tables 4-5 of Hernitschek et al. (2017)
obtained from RR Lyrae stars. The error bars mean distance uncertainty, and the gray bars represent 1σ line-of-sight depth of
the Sgr stream.
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Figure 4. Comparisons with Sgr simulations in coordinates of (Λ˜, d) and (Λ˜, Vlos). Grey dots in the left and right panels
respectively indicate the model of LM10 and DL17. Yellow, red, and blue circles separately represent K-, M-giants, and BHBs.
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Figure 5. Top panel: distribution of each Sgr component (Sgr dSph, Sgr leading, Sgr trailing, and Sgr debris) in X-Z plane.
Yellow, red, and blue circles represent the K-, M-giants, and BHBs, and grey dots indicate the DL17 model. Bottom panel:
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Figure 7. The metallicity distribution of Sgr K-, M-giants and BHBs (top left panel) and different streams (top right and bottom
panels). Histogram with different colors represent different kinds of stars or streams, and each histogram has corresponding
gaussian distribution obtained by the mean metallicity < [Fe/H] > and scatter σ[Fe/H]. In the bottom panels, there are few
K-giants and BHBs can be used to plot histogram of Sgr debris.
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Figure 9. Comparisons of LAMOST Sgr stars with the Milky Way components (upper panel) and dwarf galaxies (lower panel)
in [α/Fe] versus [Fe/H] space. In upper panel, we plot red stars as our Sgr sample, blue density map as disk stars, and blue
triangles as halo stars. The disk stars are selected by |Z| < 3 kpc, and for halo stars, we choose |Z| > 5 kpc and not belonging
to any substructures. A typical error bar of our Sgr stars is presented on top-left corner. In the lower panel, our Sgr stars
are shown as red stars, and the Milky Way dwarf galaxies including Draco (yellow dots; Shetrone et al. 2001; Cohen & Huang
2009), Sculptor (green dots; Shetrone et al. 2003; Geisler et al. 2005); Carina (magenta dots; Koch et al. 2008; Lemasle et al.
2012; Shetrone et al. 2003; Venn et al. 2012); Fornax (blue dots; Letarte et al. 2010; Lemasle et al. 2014); Sagittariuis core
(black dots), M54 (black circles), and stream (black triangles) (Monaco et al. 2005; Sbordone et al. 2007; Carretta et al. 2010;
McWilliam et al. 2013; Hasselquist et al. 2019)).
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streams is used to distinguish faint and bright stream stars.
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Figure 11. Density map of Sgr bifurcation from K-, M-giants and BHBs in equatorial coordinate. Colors represents the velocity
along Y -axis VY . Dashed lines represent the center line of the faint and bright streams.
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Figure 12. Density map of Sgr bifurcation from K-, M-giants and BHBs in equatorial coordinate color-coded according to
metallicity. Dashed lines represent the center line of faint and bright stream.
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Figure 13. Left and right panels respectively exhibit VY and metallicity distribution of Sgr leading bright, faint stream and
trailing bright, faint stream obtained by K-giants. Red histograms represent the bright stream. Blue histograms show the faint
stream. Each histogram has a corresponding gaussian distribution obtained by mean value and scatter. In the left panels,
< VY > of leading bright and faint streams are 42.1 km s
−1 and 32.5 km s−1, and those of trailing bright and faint streams are
43.0 km s−1 and 18.3 km s−1. In the right panels, < [Fe/H] > of leading bright and faint streams are −1.30 dex and −1.43 dex,
and those of trailing bright and faint streams are −1.19 dex and −1.27 dex.
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Figure 14. VY and metallicity distribution of Sgr bifurcation obtained by BHBs. In the left panels, the < VY > of leading
bright and faint streams are 11.2 km s−1 and −12.6 km s−1, and those of trailing bright and faint streams are 14.0 km s−1 and
7.7 km s−1. In the right panels, < [Fe/H] > of leading bright and faint streams are −2.01 dex and −2.10 dex, and those of
trailing bright and faint streams are −1.82 dex and −1.86 dex.
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Figure 15. Sgr bifurcation from K-, M-giants and BHBs in X-Z and Y -Z plane, red and blue dots respectively indicate the
bright stream stars and faint stream stars.
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Table 3. Coordinates of the Sgr Trailing Stream Bifurcation
R.A. Decl. (cen, bright) Decl. (cen, faint)
(deg) (deg) (deg)
−5.0 ... −10.0
0.0 −20.0 −8.0
5.0 −17.0 −5.0
10.0 −14.0 −2.0
15.0 −11.0 2.5
20.0 −8.5 5.0
25.0 −5.5 8.0
30.0 −3.0 10.0
35.0 0.5 12.5
40.0 2.5 15.5
45.0 5.0 18.5
50.0 7.5 20.5
55.0 10.5 23.0
60.0 12.5 25.5
65.0 14.5 ...
70.0 17.0 ...
75.0 19.5 ...
